The dielectric properties of goethite and, in particular, the changes during the topotactic conversion of goethite to hematite, were studied from room temperature to about 800 o C in the frequency range of 400 to 3000 MHz using the cavity perturbation technique. The complex permittivity, i.e. both the real and the imaginary or absorptive parts ( ' and '') were measured under various heating regimens. In addition, Thermogravimetric Analysis (TGA) was performed in order to characterize the transformation of goethite to hematite. The Debye relaxation formalism was applied to the processes occurring both during and after the main dehydroxylation reaction in order to calculate the relaxation times. The Arrhenius equation for thermally activated relaxation times was used to determine the activation energies.
permittivity values. The increase in the permittivities during the goethite to hematite transformation was attributed to the formation of quasi-free migrating radicals, e.g. hydroxyl ions, oxygen ions or hydrogen atoms, during the dehydroxylation of goethite.
The Derivative Thermogravimetric Analysis (DTGA) curve was found to be directly related to the transient values of the real and the imaginary permittivities. Higher heating rates resulted in an accelerated rate of dehydroxylation and therefore higher values of the transient permittivities. In the temperature range of 400 o C to 500 o C, i.e. just above the dehydroxylation peak, the real permittivity exhibited a varying frequency dependence, which suggested that changes were occurring in the newly formed, highly defected hematite structure, which is referred to as hydrohematite. During the reaction there were multiple relaxation processes and thus the Debye relationship could not be applied. However, at temperatures above about 500 o C, the structure stabilized, the Debye relationship was more closely followed, and the relaxation times could be determined as a function of temperature. The activation energy for the relaxation process above 500 o C
INTRODUCTION
Goethite is a major mineralogical component of a number of ores, in particular bauxite, which is the raw material for activated alumina production (1, 2) and for the manufacture of aluminum metal (1, 2) . The thermal decomposition of goethite ( -FeOOH) to hematite ( -Fe 2 O 3 ) is a reaction of considerable industrial importance, since there are a number of applications for -Fe 2 O 3 , such as in pigment manufacture (3), magnetic recording oxides (4) and ferrites (5) . The overall reaction can be described by the following equation: 
The present research was undertaken in order to improve the understanding of the microwave heating and dissociation characteristics of goethite as a function of temperature and frequency. Firstly, the literature regarding the thermal transformation of goethite to hematite has been reviewed, followed by a discussion of the fundamental parameters which govern microwave processing, e.g. the real and the imaginary permittivities and the loss tangent. The real and the imaginary parts of the complex scalar permittivities of the mineral goethite were measured using the cavity perturbation technique at six frequencies in the range of 397 MHz to 2986 MHz, up to temperatures of about 800 o C. Also, since the thermal dehydroxylation of goethite results in a phase change with a significant mass loss, then Thermogravimetric Analysis (TGA) was performed in order to characterize the transformation reaction. From the TGA results, the Derivative Thermogravimetric Analysis (DTGA) curves were calculated and related to the permittivities.
Goethite to Hematite Transformation
It has been proposed that the thermal dehydration of goethite leads to complete conversion into a "hematite-like" phase before less than one-half of the water has been removed from the goethite (6) (7) (8) (9) . First, an intermediate species is produced with the general chemical formula: -Fe 2-x/3 (OH) x O 3-x where the x-value is approximately equal to 1.0. This chemically and structurally distinct species is often referred to as protohematite in the literature (10) . Furthermore, it has been suggested that as dehydration proceeds, the hydroxyl groups ( OH ) replace the oxygen ions ( On the other hand, other authors have argued that these intermediate phases do not exist and have developed physical models to describe the transformation (12, 13) . With conventional heating processes, thermal dehydration advances from the surface to the interior of the goethite and a compact surface layer of hematite forms. This layer acts as a barrier, which hinders the further dehydroxylation of the remaining goethite and thus the reaction enthalpy increases with increasing particle size. Additional support for this model was provided by a second peak in the Differential Thermal Analysis (DTA) curves of the goethite samples (13) .
Differences in the behaviours of various goethite samples can be attributed to the different chemical and physical properties of the goethites. It has been shown previously that the dehydroxylation of goethite can be affected by particle size and structural defects (14) , aluminum substitution (15) and excess or non-stoichiometric hydroxyl ions (16, 17) .
Decreasing particle size and increasing numbers of structural defects promote dehydroxylation. Aluminum substitution raises the dehydroxylation temperature, since diaspore (AlOOH) is more stable than goethite. study the reaction and found that the hydroxyl units were observed in the hydroxyl stretching and hydroxyl deformation and water bending regions (19) . The spectrum of goethite showed two significant hydroxyl vibrations in the hydroxyl stretching region, which were characteristic of the stoichiometric and non-stoichiometric hydroxyl units.
During the transformation, hydroxyl units were liberated, but the resulting hematite inherited both the stoichiometric and the non-stoichiometric types. Hydroxyl units can remain in the hematite structure even up to 900 o C (20) (21) (22) .
Dielectric Heating Formalism
The degree of interaction of microwaves with a material depends on both the dielectric and the magnetic properties of the medium and these can be described in terms of the complex permittivity ( ) and the complex permeability (µ), respectively. For a material, which does not have significant magnetic properties, then only the complex permittivity need be considered. The rate of microwave energy absorption by a material at a specific temperature (T) is related to the complex permittivity ( ), which is defined at a given temperature (T) as follows:
where o is the permittivity of free space ( 8.86E-12 F/m), r is the relative real component of the complex permittivity, r is the relative imaginary part of the complex permittivity and
The relative real part of the complex permittivity, i.e. the relative real permittivity ( r ), is often referred to as the relative dielectric constant and is a measure of the high frequency electrical polarizability of the material. In most cases, it is relatively constant at low temperatures but usually increases at high temperatures. The relative permittivity is the ratio of the actual permittivity to that of free space, i.e. According to the Debye relation, the real part of the permittivity ( ') at a given radial frequency ( ) can be defined as follows:
where ' is the high frequency limiting value of ', ' s is the static value of ', = 2 f is the radial frequency and f is the frequency of the incident wave in Hz, and is the time constant or the relaxation time of the polarization process in seconds. This equation is usually applied to liquids but can be applied to solids in cases where a dipole-producing unit is free to move in the material. At low temperatures, the numerical value of the real permittivity is due to charge polarization, i.e. slight displacements of electrons and ions from their normal lattice sites. Since this process is usually very rapid then it is essentially frequency independent. Furthermore, any loss mechanisms involving the movement of electrons or ions will affect the value of the real permittivity, but the magnitude of this effect will depend on the relaxation rate of the mechanism. If the relaxation rate is higher than the microwave frequency then the real permittivity will not be strongly influenced. Standard conduction electron losses, i.e. normal resistivity losses, usually have very fast relaxation times and produce a larger contribution to the imaginary permittivity than the real permittivity.
The imaginary part of the complex permittivity ) ( , or the dielectric loss factor, characterizes the ability of the material to convert electrical energy to random thermal kinetic energy of motion. It will be dependent on the temperature and the microwave frequency. According to the Debye relationship, the imaginary permittivity of a relaxing dipole species can be defined at a given radial frequency ( ) as follows:
At low temperatures, the real part of the permittivity is usually much larger than the imaginary part. The numerical value of the imaginary permittivity is a result of the movement of defects, i.e. ions into vacancies or ions into interstitial sites or to the movement of electrons in traps. The absolute value of the contribution of these to the imaginary permittivity will depend on both their number and their rate of movement.
These phenomena are temperature dependent but are independent of the frequency if the thermally induced hopping rate is significantly higher than the microwave frequency. At low temperatures, this is usually the case for most materials. In contrast to the real permittivity, the imaginary permittivity will be significantly affected by loss mechanisms involving the movement of electrons or ions, even if the relaxation rate of the mechanism is much higher than the frequency. If the predominant loss mechanism is thermally activated ion or electron conduction then the values of the imaginary permittivity ( ) should show an inverse dependency on the frequency A common indicator of the general magnitude of microwave losses is the loss tangent (tan ) as follows:
and substituting equations (3) and (4) into equation (5) gives:
The half-power penetration depth (D), which is defined as the depth where the incident power is reduced by one-half, is related to the loss tangent and can be approximated as follows:
where o is the incident or free-space wavelength. From this equation it can be seen that the penetration depth is inversely proportional to the frequency of the microwave radiation. Although low frequencies result in greater penetration depths, the actual amount of heating may not be significantly increased if the internal field, E int , is low.
However, again the actual amount of heating is strongly dependent on the properties of the material.
EXPERIMENTAL DETAILS

Raw Materials
The goethite mineral ( -FeO (OH)) was obtained from Ward's Natural Science and had 
Dielectric Constant Measurements
The fundamental microwave parameters were measured by the cavity perturbation technique, which is based on measuring the difference in the microwave cavity response between a cavity with an empty sample-holder and a cavity with a sample-holder plus the sample (23, 24) . In this technique, the apparent interaction between the microwaves and the sample is increased to induce a measurable attenuation. This is achieved by The sample powders were compressed in a tungsten carbide lined die at about 20,000 psi in a uniaxial press to form briquettes with a diameter of about 3.5 mm and a length of about 4 mm. The briquettes were weighed and their density was determined to be 2.98 gm/cc. The sample (a stack of three pellets weighing 0.455 gm) was placed into a high purity amorphous silica (low OH content) cylindrical tube (wall thickness 1 mm, outer diameter 6 mm) with an internal shelf to support the sample. The tube was cleaned, dried and heated to 500 o C before each test.
A schematic diagram of the major components of the cavity perturbation measurement system is shown in Figure 1 . The holder, with the sample in it, was heated in a conventional resistance furnace and then rapidly removed and inserted into the high electric field region of a thick-walled, well-cooled TM 0n0 cavity. The TM 0n0 resonator is a 580 mm diameter, 50 mm long right cylindrical cavity (fundamental mode at 400 MHz) which, with a 12 mm long, 3.5 mm diameter sample inserted along the axis, has clearly separated modes up to a n = 6 at 2970 MHz. The cavity is a furnace-brazed, thick-walled OFHC copper structure with cooling channels machined into the central axial region, which is exposed to the high temperature sample holder plus sample. The unloaded Qfactor of this cavity is approximately 10,000 at 400 MHz and increases to over 30,000 for the n = 6 mode. The thermal transient produced by inserting the hot sample produces small shifts in frequency, but the effect of these is minimized by performing the hot empty sample holder measurements with the same time delays and frequency sequences used during the measurements with the sample holder plus the sample.
The resonant frequency and loaded quality factor, Q, of the cavity were measured by a Hewlett-Packard 8753 network analyzer and stored for off-line analysis, which includes the subtraction of the hot empty sample holder effects. The peak-analysis and frequencyagile abilities of the Hewlett-Packard 8753 network analyzer allows for measurements at half-a-dozen frequencies in less that ten seconds. The sample holder was continuously flushed with high purity argon gas. After the measurement, the sample and holder were quickly returned to the furnace for further processing. The sample was held at temperature for at least five minutes to ensure that equilibrium was achieved at a given temperature in the resistance furnace. Two heating rates of 3. 
where f E is the cavity frequency, Q LE is the loaded cavity Q with the empty sample holder, f is the frequency shift produced by the sample, Q LS is the loaded cavity Q with both the holder and the sample, F sh is a real number which is dependent on only the sample shape, V s and V c are the respective sample and cavity volumes, and A is a real calibration constant which is dependent on only the shape of the electric fields in the absence of the sample. The two calibration constants in the formula, A and F sh can be determined either by comparison with known samples or with computer simulations. The absolute calibration is normally performed at room temperature and uses measurements on known high purity standards. For solid samples, single crystal high-purity sapphire is utilized as a standard with r = 11.54 with the electric field parallel to the C-axis and r = 9.34 with the electric field perpendicular to the C-axis. Furthermore, Teflon with r = 2.07 can also be used as a standard at low dielectric constant values.
RESULTS AND DISCUSSION
Thermogravimetric Analysis (TGA) and Derivative Thermogravimetric Analysis (DTGA)
The thermogravimetric (TGA) data and the corresponding derivative 
Real ( ) and Imaginary Permittivities ( )
The real ( ) and the imaginary permittivities ( ) of goethite are shown as a function of both temperature and frequency in the three dimensional mesh plots in Figure 3 (a) and (10) It is noteworthy that at the higher temperatures, the curves for and are essentially parallel in Figure 4 and this is reflected in the similarity of the higher order terms in equations (9) shown in Figure 5 . For each frequency, the magnitude of the peak decreased with increasing frequency. Also it can be noted that the frequency dependency was more significant at the lower frequencies. The temperature range of the peak corresponds to the dehydroxylation temperature range of goethite, as shown in Figure 2 , and thus the increase in the real permittivity is due to the movement of ions during the dehydroxylation process. 
where f is the frequency in MHz. It is clear from Figure 6 , that the magnitude of the peak real permittivity is a strong function of not only frequency but also the heating rate. The goethite to hematite transformation is a relatively slow endothermic reaction and the transformation temperature range is dependent on the heating rate. Slower heating rates allow more time for the dehydroxylation reaction to occur between the permittivity measurements, more water has previously been evolved and thus the rate of ion generation is reduced at each temperature. This will result in lower permittivities during the transformation process and a lower temperature for the peak permittivity value.
After the peak at 380 o C, the real permittivities decreased rapidly and as shown in hydrohematite is converted into hematite (11) . Therefore, the inversion in the frequency dependency from 400 to 600 o C, as shown in Figure 7 , may reflect both the structural modifications and also the changes which occur as the residual hydroxyl groups are removed from the dehydroxylated goethite. Figure 8 shows the effect of temperature on the imaginary permittivities ( '') at the six different frequencies and the general shapes of the curves were similar to those observed for the real permittivities as shown in Figure 5 . Although the values of were much lower than , the relative changes in were significantly larger than those for . While there was a significant peak during the transformation of goethite to hematite, the values of '' below 305 o C were less than about 0.2 and therefore the step was non-existent at low frequencies and very small at high frequencies. In a manner similar to the real permittivities, the imaginary permittivity was essentially independent of temperature below the transformation. Furthermore, both during and after the transformation, the values of the imaginary permittivity increased with increasing frequency under all conditions. However, there was no frequency transition region as was observed for the real permittivity. 
where f is the frequency in MHz. Attempting to fit the data to an inverse first order polynomial gave a relatively poor fit, which indicates that the relationship between '' and frequency is more complex than that between ' and frequency. Higher heating rates result in significant increases in the complex permittivities. However, in comparison to the real permittivities, the relative increases in the complex permittivities are much larger as the heating rate increases from 3. 
Loss Tangent (tan )
The loss tangent (tan ) of goethite is shown as a function of both temperature and frequency in the three dimensional mesh plot in Figure 10 . It can be seen that the loss tangent followed trends similar to the real and imaginary permittivities. At temperatures below about 305 o C, the loss tangent values were low, essentially independent of frequency and varied from about 0.08 to 0.017. However, as the goethite began to dehydroxylate the loss tangent increased rapidly, particularly at low frequencies and the peak loss tangent (tan peak ) increased with decreasing frequency. After the reaction was complete and at about 406 o C, the loss tangent dropped again to a low value and then began to increase rapidly with temperature. Above 406 o C, the loss tangent increased with decreasing frequency and this effect was more pronounced at the lower frequencies. 
Comparison of the DTGA with the Real ( ) and Imaginary ( ) Permittivities
When the rate of water removal is high, the flux of migrating hydroxyl units will be high and this will result in an increase in the permittivities. After the maximum flux of hydroxyl ions, which corresponds to the maximum rate of water removal, the permittivities will decrease. As mentioned previously, the hematite, which is formed from the dehydroxylation of goethite contains residual hydroxyl units and is called twins and macrosteps due to the recrystallization process. Therefore, as shown in Figure   12 , above the goethite to hematite transition, the values of and are higher for the defected hematite produced from goethite, than those of the mineral hematite, which does not contain these residual hydroxyl units and/or defects.
Relaxation Times ( )
A plot on rectangular coordinates of '' versus ' at various temperatures is shown in the temperature increased the slope increased, which corresponds to a decrease in the relaxation time, . This linear behaviour demonstrates that the Debye relationship is being closely followed and there is one relaxation process with a well-defined relaxation time.
Using the theory of absolute reaction rates in condensed phases (34), Eyring has
shown that the following equation can be utilized to describe the relaxation behaviour (35):
where H is the activation energy of dipole or ionic relaxation, R is the gas constant, T is the temperature, h is Planck's constant, k is Boltzman's constant and S is the entropy of activation. The last term is independent of temperature and also the ln T term is relatively small. Therefore, the slope of an Arrhenius plot of ln versus 1/T is H/R. Figure 15 shows an Arrhenius plot of the relaxation times, , which could be calculated after the LIST OF FIGURE CAPTIONS 
